Plasma Lens for Muon and Neutrino Beams by Kahn, S. A. et al.
 
 
 
 
 
 
 
 
 
 
Plasma Lens for Muon and Neutrino Beams 
 
 
S.A. Kahn, S. Korenev, M. Bishai, M. Diwan, J.C. Gallardo,        
A. Hershcovitch, B.M. Johnson 
 
 
Presented at the 11TH European Particle Accelerator Conference (EPAC’08) 
Genoa, Italy 
June 23-27,2008 
 
 
October 2008 
 
 
 
 
 
 
Physics Department 
 
Brookhaven National Laboratory 
P.O. Box 5000 
Upton, NY 11973-5000 
www.bnl.gov 
 
   
 
 
 
 
Notice: This manuscript has been authored by employees of Brookhaven Science Associates, LLC under 
Contract No. DE-AC02-98CH10886 with the U.S. Department of Energy. The publisher by accepting the 
manuscript for publication acknowledges that the United States Government retains a non-exclusive, paid-up, 
irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others 
to do so, for United States Government purposes. 
 
This preprint is intended for publication in a journal or proceedings.  Since changes may be made before 
publication, it may not be cited or reproduced without the author’s permission. 
 
 
 
DISCLAIMER 
 
This report was prepared as an account of work sponsored by an agency of the 
United States Government.  Neither the United States Government nor any 
agency thereof, nor any of their employees, nor any of their contractors, 
subcontractors, or their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or any 
third party’s use or the results of such use of any information, apparatus, product, 
or process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or service 
by trade name, trademark, manufacturer, or otherwise, does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or any agency thereof or its contractors or subcontractors.  
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PLASMA LENS FOR MUON AND NEUTRINO BEAMS* 
S.A. Kahn#, S. Korenev, Muons Inc, Batavia, IL 60510, U.S.A. 
M. Bishai, M. Diwan, J.C. Gallardo, A. Hershcovitch, B.M. Johnson, BNL, Upton, NY 11973, 
U.S.A
Abstract 
The plasma lens is examined as an alternate to focusing 
horns and solenoids for use in a neutrino or muon beam 
facility.  The plasma lens concept is based on a combined 
high-energy lens/target configuration.  The current is fed 
at electrodes located upstream and downstream from the 
target where pion capturing is needed.  The current flows 
primarily in the plasma, which has a lower resistivity than 
the target.  A second plasma lens section, with an 
additional current feed, follows the target to provide 
shaping of the plasma for optimum focusing.  The plasma 
lens is immersed in an additional solenoid magnetic field 
to facilitate the plasma stability.  The geometry of the 
plasma is shaped to provide optimal pion capture.   
Simulations of this plasma lens system have shown a 25% 
higher neutrino production than the horn system.  Plasma 
lenses have the additional advantage of negligible pion 
absorption and scattering by the lens material and reduced 
neutrino contamination during anti-neutrino running.  
Results of particle simulations using plasma lens will be 
presented.  
INTRODUCTION 
Many methods have been employed to provide 
magnetic focusing to enhance the charge particle flux 
from a divergent source such as a production target.  The 
most effective of these devices use azimuthal magnet 
fields that pull the particles radially inward as a 
consequence of the Lorentz force.  These devices require 
large longitudinal currents to generate the strong 
azimuthal fields.  Lithium lenses and horns have been 
used to focus secondary particles for high energy physics 
applications while spark and Z channels were developed 
for fusion experiments.  Spark, Z channels, and Z-pinches 
shall be referred to as plasma lenses, even though in high 
energy physics applications this term is also used for 
lithium lenses where lithium was replaced by high 
pressure gases. 
In this paper we shall largely consider the use of a 
plasma lens for capturing secondary pions to produce a 
high intensity neutrino beam.  Although some features 
vary from experiment to experiment, there are a number 
of common requirements for using lenses for a neutrino 
beam: 
1. Very large axial electrical currents must be 
generated and maintained. 
2. The magnetic fields generated should capture the 
largest number of pions. 
 
3. The lens medium should have the lowest density 
possible to minimize pion absorption and 
scattering. 
4. The lens must endure high mechanical and thermal 
stresses caused by pulsing high currents and 
electromagnetic fields. 
5. The lens must survive prolonged exposure to 
radiation. 
6. The lens should be cost-effective and power-
efficient. 
 
   For generating large neutrino beams, high-energy pions 
must be captured and maintained as a beam until they 
decay. 
LENS OPTIONS 
 
The lens choice for pion capture is based on the 
applicability to the generation of a neutrino beam.  A horn 
is widely employed as a focusing lens for this application.  
A horn is a hollow coaxial structure of conductors through 
which large currents flow such as to produce an azimuthal 
field.  The device is pulsed which produces large thermal 
and mechanical stresses, however the conducting walls of 
the horn must be thin to minimize particle losses.  The 
alternative capture system that is being proposed in this 
paper is a plasma lens based on a Z-pinch.  A Z-pinch 
involves a sudden compression of low-density plasma by 
means of a large discharge current that lasts for a few 
microseconds.  The Z-pinch fill pressure is less than a 
milli-torr.  In a series of experiments with magnetized Z 
pinches, 2 MA, 250 µs were reach for a plasma length of 
0.8 m [1].  Present day Z-pinch research involves 
discharge currents of 10 MA over few centimeters.[2] 
NOVEL PION CAPTURE LENS 
We described a comparison of a horn pion capture 
system to a similar plasma lens system for a super-
neutrino beam.  That study looked at a 28 GeV proton 
beam that would have been used for a neutrino beam from 
BNL to the DUSEL laboratory in South Dakota [3].  The 
horn system consists of two magnetic lens separated by 
eight meters.  The first focusing lens is a 250 kA horn 
with an inner (outer) radius of 0.8 cm (8 cm) surrounding 
a 6-mm radius, 80 cm long carbon target.  As an 
alternative to the horn, a plasma lens based on a 
magnetized Z-pinch is being considered.   
Figure 1 is a display of a lens-target configuration.  
Figure 1a is the 3-D embodiment, while figure 1b is a 
schematic of the configuration.  Part of the plasma 
straddles the target.  Current is fed at an electrode near the 
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beginning of the target and collected at another electrode 
downstream of the target as shown in the figure.  An 
additional electrode position at the end of the target is 
used to shape the target and permits different current in 
the target and downstream part of the plasma lens.  The 
plasma lens is immersed in a solenoid magnetic field to 
stabilize the plasma. 
Neutrino yield simulations for the above lens were 
performed for a 28 GeV proton beam on a carbon target. 
The study used a 180 m decay channel and is compared to 
a horn with the BNL geometry. The plasma lens cases 
were simulated with different outer radii in the range of 3-
12 cm for the section straddling the target, while the range 
outer radii of the flared section end was 5-15 cm.  
Basically the outer radius of the straight plasma lens 
section, R_out1 and the end of the flared section R_out2 
were varied by the same amount, but R_out2 was 3 cm 
larger than R_out1.  In figure 1, the plasma is shown in 
pink, while the carbon target, which is 6 mm in radius and 
80 cm in length, is shown in grey.  The plasma current 
was chosen to be the same throughout the lens in all 
simulations, although it is possible to flow different 
currents in the two sections with the optional electrode 
shown in figure 1a.  A second lens that is positioned 
downstream from the first lens was of the BNL horn 
design for both scenarios. 
 
Figure 1a: 3d sketch of lens-target embodiment 
 
Figure 1b: Schematic of the plasma lens and target.  
Dimensions are in cm. 
Results of the simulations are shown in figures 2 and 3. 
Displayed in figure 2 is the neutrino flux at 3 km from the 
target in neutrinos per m2 per proton on target for various 
R_out1 and plasma current values as well as the horn 
shown in a dash line.  Figure 2a shows the whole neutrino 
spectrum, while figure 2b shows the spectrum for Eν>3 
GeV.  Similar results were seen for the anti-neutrino 
spectrum.  It is interesting to look at the neutrino 
background flux in the anti-neutrino beam.  Figure 3 
shows the ratio of background neutrino flux to anti-
neutrino flux for anti-neutrino running.  Figure 3a shows 
the plots for the whole spectrum and figure 3b shows only 
the spectrum with Eν>3 GeV. 
The optimal overall neutrino flux occurs for the plasma 
lens current of 375 and 625 kA for outer radii of 5 and 7 
cm respectively, while high-energy (that part of the 
spectrum with Eν>3 GeV) neutrinos have optimal flux at 
currents of 250, 300, and 625 kA for outer radii of 3,5, 
and 7 cm respectively. 
 
Figure 2a: Neutrino flux vs. lens current and radius for 
whole energy spectrum from a 28 GeV incident proton 
beam. 
 
Figure 2b: Neutrino flux vs. lens current and radius for 
spectrum with Eν>3 GeV from a 28 GeV incident proton 
beam. 
 
Comparing these neutrino fluxes to those obtained with 
horn as the first focusing lens reveals a 25% overall 
neutrino flux gain in using a plasma lens.  Results are 
more dramatic for high-energy neutrinos where the gain is 
a factor of 2.47. 
 
For neutrino background reduction during anti-neutrino 
runs, the results shown in figure 3 are impressive for 
currents greater than 375 kA and outer radius less than 7 
cm. 
 
Figure 3a: Neutrino to anti-neutrino ratio for the whole 
anti-neutrino spectrum for a 28 GeV incident proton beam 
 
Figure 3b: Neutrino to anti-neutrino ratio for Eν>3 GeV 
for a 28 GeV incident proton beam. 
A similar study was performed for a neutrino beam 
created with 120 GeV initial protons to investigate the 
practicality of using a plasma lens for the Fermilab NuMi 
beam line.  This study used only a 180 m decay channel 
and is compared to the BNL horn geometry with the 
higher energy protons.  Figure 4 shows the neutrino 
spectrum that would be seen with the incident 120 GeV 
proton beam.  Comparable gains of 35% for the whole 
energy spectrum and a factor of 1.8 for the spectrum with 
Eν>3 GeV can be seen in figure 4. 
 
 
Figure 4a: Neutrino flux vs. lens current and radius for 
whole energy spectrum from a 120 GeV incident proton 
beam. 
 
Figure 4b: Neutrino flux vs. lens current and radius for 
spectrum with Eν>3 GeV from a 120 GeV incident proton 
beam. 
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